High-quality coherent wavefronts are extremely useful in optical communications and lasers. Disorder is usually considered as a source of noise and deviation from ideal designs for generating high-quality beams in photonic devices. Here, we demonstrate that strong disorder can be exploited to obtain high-quality wavefronts thanks to the Anderson localization phenomenon. Our analysis on a transverse Anderson localizing optical fiber reveals that a considerable number of the guided modes have M 2 < 2 values. These high-quality modes are distributed across the transverse profile of the disordered fiber and can be excited without requiring sophisticated spatial light modulations at the input facet. The results show the potential of such fibers for novel applications in fiber lasers and nonlinear devices, where a high beam quality is desirable.
High-quality coherent wavefronts are extremely useful in optical communications and lasers. Disorder is usually considered as a source of noise and deviation from ideal designs for generating high-quality beams in photonic devices. Here, we demonstrate that strong disorder can be exploited to obtain high-quality wavefronts thanks to the Anderson localization phenomenon. Our analysis on a transverse Anderson localizing optical fiber reveals that a considerable number of the guided modes have M 2 < 2 values. These high-quality modes are distributed across the transverse profile of the disordered fiber and can be excited without requiring sophisticated spatial light modulations at the input facet. The results show the potential of such fibers for novel applications in fiber lasers and nonlinear devices, where a high beam quality is desirable. High-quality single-mode or diffraction-limited beams are of significant importance in lasers [1] and optical communications [2] . Laser beam quality is critical in a variety of applications, including material processing and nonlinear optics. An effective method to enhance beam quality and obtain a nearly diffraction-limited laser beam is to pass the light through a "long enough" single-mode optical fiber [3] . Combination of the long amplification lengths and high beam qualities, provided by various forms of active single-mode fibers, has enabled significant power scaling in laser technology [4] .
Transverse Anderson localization (TAL) [5] [6] [7] [8] [9] has recently fostered a new class of disordered waveguides, in which strong transverse confinement mediated by Anderson-localized modes balances the diffraction of light as it propagates freely along the waveguide [10] [11] [12] [13] . In a recent study, it has been shown that localized modes of a disordered fiber can be exploited for singlemode transmission [14] . TAL optical fibers (TALOFs) have already been successfully used for image transport [15, 16] and making directional and highly stable random fiber lasers [17] . For use in optical communications, the modal and chromatic dispersion properties of the localized modes should be studied in detail. The rich spectral properties of these fibers also hint at their potential applications in cavity quantum electrodynamics [18] , optical sensing [19] , and wavelength division multiplexing [14] .
In this Letter, we evaluate the beam quality of highly localized modes in a glass-TALOF. It is shown that a high degree of wavefront quality can be obtained due to the disorder-induced Anderson localization. A large number of localized modes exhibit M 2 < 2 values, which is indicative of nearly diffraction-limited beam qualities. We start by evaluating the beam quality of 1500 numerically calculated localized modes in the disordered fiber and observe the presence of high-quality modes at various locations across the transverse profile of the fiber. Highly localized modes are then experimentally excited in the disordered fiber. An experimental evaluation of the beam quality of the localized modes proves the validity of our numerical predictions. Finally, we use a high-quality localized beam at the output of the disordered fiber in a Young double-slit experiment and show that the spatial coherence of the localized mode is comparable to that of a high-quality wavefront extracted from a single-mode optical fiber.
Glass-TALOF used in this work is fabricated at the University of Central Florida using silica rods and tubes in a stack-and-draw approach [16] . A scanning electron microscope (SEM) image of the fiber and a magnified version are shown in Fig. 1(a) and Fig. 1(b) , respectively. The dark sites are representative of the airholes, which remain the same along the disordered fiber [20] . Transverse randomness of the refractive index profile results in strong scattering and therefore TAL. Figure 2 (a) shows a numerically calculated localized mode in the fiber using the finite element method (FEM). The geometry of the fiber is directly extracted from the SEM image and imported to COMSOL. The mode is calculated at λ 632.8 nm, the wavelength of HeNe laser used for the experiments. The calculated mode demonstrated in Fig. 2 (a) is numerically propagated along the z direction in free space using a Fast Fourier Transform algorithm. The beam waist across the rectangular coordinate xy is calculated by w x 2σ x (w y 2σ y ) where σ x (σ y ) is the standard deviation of mode intensity profile:
where Glass-TALOF supports a large number of guided modes; this number (N ) can be estimated using the V parameter:
Here, a 140 μm is the radius of the fiber, and n 2 1.46 and n 1 1 are the refractive indexes of silica and air (cladding), respectively. For λ 632.8 nm, the total number of the modes is N ⪆ 10 6 . Therefore, a statistical approach is warranted to get an understanding of the beam quality properties of the guided modes in this fiber [24] [25] [26] [27] [28] [29] . The guided modes of the disordered fiber have a broad range of transverse spatial frequencies (k T ), nominally in the range of 0 < k T ⪅ V ∕n 2 a. In this Letter, our main focus is to establish the presence of modes with low M 2 values, which are broadly associated with low values of k T : such modes are primarily excited in our experimental setup, which uses a regular Gaussian-like beam from a single-mode optical fiber. As such, our simulations also target modes with large propagation constants that naturally correspond to low values of k T . We emphasize that "highly localized" Anderson-localized modes can come with both low k T or high k T values, as shown in Refs. [9, 30, 31] , but our focus is on the presence of low k T highpropagation-constant modes, which also correspond to low M 2 values. We emphasize that each localized mode, regardless of its shape and form, is Anderson-localized due to the presence of the strong disorder. However, if one desires to verify the Anderson localization using the common signature of the exponential decay, the log-averaging must be performed over all of the modes, as shown in Ref. [11] , rather than a subset.
In x on the horizontal axis. Based on this result, although the modes with an M 2 < 2 peak in the histogram, they are not statistically dominant in the entire landscape of fiber modes. A density histogram of the transverse position of the calculated localized modes in Fig. 2(c) is shown in Fig. 2(d) . The transverse position of the modes are calculated from Eq. (2). The value of each pixel in Fig. 2(d) is the number of localized modes, such that the sum of all pixel values is equal to 1000; the distribution of the modes is nonuniform.
The results shown in Figs. 2(c) and 2(d) may appear to contradict the experimental results presented later in this Letter, where the single-mode channels are abundant and can be easily excited. The answer to this puzzling situation is that we have been solving for the modes with the highest effective refractive index (otherwise the total number of modes would be enormous), because of the limited numerical aperture of the launch fiber. However, it appears that the nonuniform air fill-fraction in Fig. 1(a) biases our results towards regions with low air-hole density, over which the hot areas appear in the sparse density histogram in Fig. 2(d) .
In order to prove this observation and mitigate the aforementioned bias, we manage to solve for the modes located in the regions with a higher density of air-holes. For accomplishing this goal, we choose five separate circular domains with a radius around r ≈ 35 μm and calculate modes in these domains (see Section 2 in Supplement 1 for details). We add the M 2 x of 100 modes from each domain to the previous ensemble shown Letter in Fig. 2(d) and plot the histogram of the new ensemble in Fig. 2(e) : the histogram clearly shows that several high-quality modes are added to the statistical ensemble compared to Fig. 2(c) . The M 2 < 2 modes are even more probable in these regions due to the fact that the air fill-fraction is larger in the added computational domains, and, therefore, the localization is stronger in them, which is directly causing the presence of more high-quality wavefronts in them. Apparently, Fig. 2(f ) is indicative of a more uniform mode distribution because modes from the five domains, which were absent in Fig. 2(c) , are added in this figure.
In order to further investigate the impact of the air fill-fraction, both in terms of the participation ratio and uniformity, we show the simulation results related to a TALOF with optimal design parameters from Ref. [20] in the following. The refractive index contrast is kept the same but a 50% fill-fraction is used (see Section 2 in Supplement 1 for details). Figures 3(a) and 3(b) show the histogram of M 2
x values for nearly 500 localized modes and the distribution of them across the profile of the fiber, respectively. The uniformity of the air fill-fraction not only improves the distribution of the modes, but also increases the localization strength and, therefore, the quality of the modes; M 2 x < 2 modes are quite dominant in Fig. 3(a) .
In the following, we manage to excite localized modes of glass-TALOF in an experimental setup and evaluate their beam quality values using the variance method (see Section 1 in Supplement 1 for details) [21] [22] [23] . The output of a HeNe laser is coupled into a single-mode optical fiber (T horl absSM 400) and directly buttcoupled into a 155 cm long segment of glass-TALOF. The launch transverse position is scanned accurately across its input facet (see Section 3 in Supplement 1 for details). Figure 4 shows the beam profile of two experimentally excited localized modes. The localized modes highly resemble the numerically calculated mode in Fig. 2(a) It is critical to note that the highly localized modes are excited easily by probing the launch fiber across the facet of glass-TALOF. The disordered fiber contains a large number of modes, many of which have high beam quality and many do not. The extremely large number of modes in such a fiber (more than a million) guarantees that high-beam-quality modes are abundant and distributed over the entire transverse profile of the fiber.
The disordered fiber studied here is a highly multimode fiber, naturally, as it possesses several thousands of modes due to its large transverse size. The main difference between glass-TALOF and conventional multimode fibers is that the modes are spatially isolated due to TAL. A direct advantage of this distinction is that each mode can be easily excited without assistance of expensive and sophisticated spatial light modulators [14] . Moreover, a large number of the localized modes can feature a high degree of wavefront quality as a direct consequence of spatial confinement provided by TAL, similar to single-mode fibers [14] .
A unique feature of high-quality wavefronts is their degree of spatial coherence; a wavefront that contains several modes results in a speckle pattern, whereas single modes exhibit a high degree of spatial coherence [32] . In the following, we investigate spatial coherence of a localized mode. Figure 6(a) shows the experimental setup used for this purpose. The output of glass-TALOF is collected by a 60 times objective and used to illuminate the double slit of width 80 μm and with 500 μm center-to-center spacing. The interference pattern is recorded by a CCD beam profiler. Figures 6(c) and 6(d) are the interference pattern generated by the mode in Fig. 6(b) and the intensity distribution averaged over all vertical lines in the interference pattern, respectively. Clearly, the localized beam forms a clear interference fringe at the far-field, indicative of high spatial coherence of the beam.
In their pioneering work, Ballato's group at Clemson University fabricated the first reported glass-TALOF from a porous glass preform [33] , and the fiber was later used for the analysis of the spatial coherence of the localized modes [34] . Letter A weaker disorder and TAL resulted in a relatively washed out interference pattern, which can be attributed to the simultaneous excitation of extended modes along with localized ones [34] . The stronger TAL in the glass-TALOF used in this study enables excitation of individual localized modes and, therefore, a higher degree of spatial coherence. Stronger TAL in the glass-TALOF used here is a result of higher air fill-fraction in the fiber. In the previous glass-TALOF, the air fill-fraction ranged between 2% and 7% depending on the transverse location, whereas the glass-TALOF used here has ∼20% air fill-fraction and, therefore, a much stronger transverse disorder. The ideal fill-fraction to optimize localization strength is 50% [20] (see Section 2 in Supplement 1 for details).
In conclusion, we presented our numerical and experimental study on wavefront quality of a subset of the localized modes possessing the lowest transverse momentum in a disordered optical fiber. The analyzed guided modes demonstrate M 2 < 2 values and are distributed across the tip of the fiber. We experimentally excited the high-quality localized modes and evaluated their M 2 values at the output. The results confirm our numerical study. The localized modes also present a high degree of spatial coherence similar to the output of single-mode fibers. Therefore, nearly diffraction-limited beam qualities are obtained in the disordered medium. Application of these high-quality modes along with recent advances in TALOF lasers [17] can foster a new class of single-mode fiber lasers. 
